Water column profiles of S 2 O and SO were obtained in January and May 2004 support the observed levels of chemoautotrophic production. However, apparently Ͻ2% of the H 2 S needed to form the observed amount of S 2 O can be produced from the degradation of organic carbon sinking through the interface 2Ϫ 3 at this site. This suggests either that the H 2 S or carbon flux must be supplied laterally, perhaps from shallower areas
in January and 287 mmol m Ϫ2 in May and SO was 799 mmol m Ϫ2 in January and 574 mmol m Ϫ2 in May. During 2Ϫ 3 this time, the integrated chemoautotrophic production in the chemocline decreased from 26 to 13 mmol C m Ϫ2 d Ϫ1 . The concurrent decreases in S 2 O and SO inventories and chemoautotrophic production are consistent with a 2Ϫ 2Ϫ 3 3 decrease in the frequency or intensity of intrusion events. S 2 O and SO were present in the oxic portion of the 2Ϫ  2Ϫ  3  3 water column, suggesting lateral transport from shallower areas containing H 2 S. Calculations suggest that sufficient O 2 and H 2 S can be supplied to the interface by advection and diffusion to form S 2 O in sufficient quantities to 2Ϫ 3 support the observed levels of chemoautotrophic production. However, apparently Ͻ2% of the H 2 S needed to form the observed amount of S 2 O can be produced from the degradation of organic carbon sinking through the interface 2Ϫ 3 at this site. This suggests either that the H 2 S or carbon flux must be supplied laterally, perhaps from shallower areas
(not yet sampled), or that chemoautotrophic production near the interface is overestimated.
The Cariaco Basin, located on the continental shelf of Venezuela, is the largest truly marine anoxic basin on earth. The basin is made up of two 1,400-m-deep subbasins separated by a saddle reaching 900 m and is connected to the southern Caribbean Sea by two channels at the eastern and western ends of the basin that reach depths of no more than ϳ140 m. The waters above sill depth interact with the open sea, but vertical mixing below ϳ100 m is inhibited by the geometry of the basin and a strong pycnocline (Astor et al. 2003) . Seasonal upwelling is usually observed in the surface waters between November and May, and annual primary production is estimated to vary between 500 and 600 g C m Ϫ2 yr Ϫ1 . Because of the restricted circulation and the degradation of the large amount of organic matter produced in the region, oxygen is completely consumed, and the waters below ϳ300 m are permanently sulfidic.
The pathways of organic matter decomposition in the basin are reflected in vertical distributions of the major electron acceptors and their reduced products (Ho et al. 2004) . Autotrophic H 2 S-and S 2 O -oxidizing denitrifiers, S 2 O -oxi- ers have all been cultivated from selective enrichment experiments with waters from near the O 2 /H 2 S interface in the Cariaco Basin (Madrid 2000) . Elevated concentrations of autotrophic and heterotrophic bacteria have also been found near the interface of other anoxic water columns, including the Black Sea and Framvaren Fjord (Karl 1978; Sorokin et al. 1995; Vetriani et al. 2003) . Because the interface is located well below the illuminated layer, the interface community of the Cariaco Basin must be supported by chemoautotrophs that use a variety of oxidants and reductants to obtain energy for the fixation of CO 2 (Taylor et al. 2001; Ho et al. 2004 ). Chemoautotrophs conserve chemical energy and reducing power in the form of ATP and NADPH, respectively. Three moles of ATP and 2 mol of NADPH are needed for each mole of CO 2 fixed, at a basic cost of 191 kJ (Thauer et al. 1977) . ATP synthesis is coupled to the oxidation of an electron donor, whereas NADPH is generated from reverse electron transport reactions, metabolic mechanisms required for generating the necessary negative redox potential. A variety of reactions that yield enough energy for the fixation of CO 2 are listed in Eqs. 1 to 4. In particular, the most common sulfur compounds used as electron donors for ATP synthesis in chemoautotrophs are H 2 S, S 0 , and S 2 O (Madigan et al. 2003 ).
In these reactions, O 2 is the electron acceptor. However, alternative electron acceptors, such as NO , can also be used
for chemoautotrophic H 2 S oxidation (Jannasch and Mottl 1985) . For chemoautotrophic production to proceed, both electron donors and acceptors are required. If vertical transport of these species controls supply, fluxes of H 2 S, O 2 , and NO calculated from vertical concentration profiles and es-
timates of vertical eddy diffusion should balance biological demand calculated from the measured chemoautotrophic production. However, in the Cariaco Basin, Taylor et al. (2001) found that measured rates of chemoautotrophic production were much higher than could be supported by the diffusive supply of H 2 S, O 2 , and NO to the interface. Ver-Ϫ 3 tical diffusive H 2 S fluxes could provide between 0.7% and 2.8% of the demand for reductant, whereas O 2 and NO Ϫ 3 supply could provide 2.5-4.3% and 1.0-1.4%, respectively, of the demand for oxidant.
Horizontal intrusions of O 2 -rich water from the Caribbean Sea have been reported in the Cariaco Basin Astor et al. 2003) , and these could increase supply of oxidant. In addition, we considered it probable that reductants other than H 2 S, including intermediate oxidation sulfur species like S 2 O and SO , might be important in che- could be used in disproportionation reactions, such as those in Eqs. 5 and 6, in which a compound is transformed into two compounds of lower and higher oxidation states, or as a reductant in reactions like Eqs. 7 or 8, in which metal oxides serve as the oxidant (Nealson and Myers 1992; Zhang and Millero 1993a; Janssen et al. 1996) .
In these examples, ⌬G is the standard Gibb's free energy Њ f at pH 7. The above reactions are schematic and might not reflect exact reaction pathways. However, these and similar reactions would yield sufficient energy to support chemoautotrophic growth. To investigate the potential importance of S 2 O and SO in the redox budget of the Cariaco Basin, 
Methods
The CARIACO time series station is in the eastern subbasin at 1,400 m depth (10Њ30ЈN, 64Њ40ЈW; Fig. 1 ). Water samples were collected from the Cariaco Basin during 20 January 2004 (CAR-96) and 18 May 2004 (CAR-100) as part of the ongoing CARIACO time series program. All discrete water samples were collected with Teflon-lined 8-liter Niskin bottles mounted on a Seabird Rosette system. Before drawing samples from waters depleted in oxygen, the Niskin bottles were fitted at the top with a source of nitrogen gas to minimize oxygen contamination.
Profiles of temperature, salinity, and O 2 were obtained with a Seabird CTD system with attached YSI oxygen probe. In addition to measurements made by the YSI probe, O 2 concentrations were also determined in discrete samples by standard Winkler titrations (Aminot 1983) . Detection limit for O 2 in this system has been estimated at ϳ2-5 mol L Ϫ1 .
Samples for H 2 S were collected with a glass gas-tight syringe from a continuously flowing stream of water to minimize contact with the atmosphere and then immediately injected into a vial containing ZnCl 2 . The resulting ZnS precipitate was derivatized and analyzed with a modification of the method of Cline (1969) . The detection limit was estimated to be 1-2 mol L Ϫ1 ). Two techniques were used for S 2 O and SO samples.
In January, triplicate samples for S 2 O and SO were col-
lected in plastic rubberless syringes, derivatized, and analyzed following the procedure of Vairavamurthy and Mopper (1990) . Time between collection and derivatization was on the order of 2-3 min. For each sample, 20 mL of water was added to a vial containing sodium acetate buffer and immediately derivatized with 2,2Јdithiobis(5-nitropyridine). The derivatives were stored on Sep-Pak tC 18 cartridges and frozen onboard. After return to the lab in Venezuela, argon gas was blown through the cartridges and field blanks were prepared from distilled water and the same reagents used onboard. S 2 O and SO analysis by high-performance liq-
uid chromatography (HPLC) was completed at Stony Brook within 3 weeks of sample collection. In May, quadruplicate 10-mL samples were taken with a 10-mL glass gas-tight syringe from a continuously flowing stream of water. Samples were derivatized immediately (on the order of seconds) after collection, and derivatives were transferred to Sep-Pak tC 18 cartridges and frozen onboard. As before, after return to the lab in Venezuela, argon gas was blown through the cartridges. In May, field blanks were prepared onboard ship after each cast with the reagents used for that cast. The derivatives were analyzed at Stony Brook by HPLC within 6 weeks of collection.
The detection limit for S 2 O and SO was calculated as 2Ϫ 2Ϫ 3 3 the average of quadruplicate field blanks. In January, the field blank was 0.8 Ϯ 0.3 and 1.5 Ϯ 0. spectively. Chemoautotrophic production was measured by 14 C-bicarbonate incorporation into particles as described previously by Taylor et al. (2001) . After addition of the sample into a 40-mL ground glass-stoppered bottle, 200 L of chilled N 2 -purged 14 C-bicarbonate in an alkaline brine (pH 9.5, salinity 60) was injected (Tuttle and Jannasch 1973) into it. Samples were incubated for 14 to 20 h and particles were collected on 0.22-m cellulosic membranes. Filters were purged of unassimilated 14 C in a saturated HCl atmosphere for Ͼ1 h, then dried and suspended in Hionic-Fluor scintillation cocktail and radioassayed. Data were corrected for abiotic sorption by use of samples processed immediately after introduction of the radiotracer. Rates of dark 14 C-assimilation were corrected for isotopic discrimination and normalized (mol C L Ϫ1 d Ϫ1 ) by use of values of dissolved inorganic carbon derived from pH, temperature, and alkalinity measurements obtained as a part of the standard CARIACO data set (unpubl. data).
Results

O 2 and H 2 S-In
at 250 m (Fig. 2) . The O 2 profile in May was similar, with concentrations decreasing from ϳ196 mol L Ϫ1 at the surface to Ͻ5 mol L Ϫ1 at 290 m. During both cruises, the interface (defined as the first appearance of H 2 S) was at a depth of 300 m, leaving a zone 50 (January) to 10 m (May) thick where neither O 2 nor H 2 S was detected. Below the interface, H 2 S concentrations increased to a bottom water concentration of ϳ60 mol L Ϫ1 . May H 2 S concentrations increased more rapidly with depth, reaching a bottom water concentration of 68 mol L Ϫ1 .
Chemoautotrophic production-In January, chemoautotrophic production was highest (0.31 mol C L Ϫ1 d Ϫ1 ) at 360 m and exhibited a secondary maximum (0.14 mol C L
) at 310 m (Fig. 3) . In May, a broad maximum was observed at and slightly below the interface, with a value of 0.14-0.16 mol C L Ϫ1 d Ϫ1 (Fig. 3) . Integrated production in the chemocline (250-450 m) decreased from 26 to 13 mmol C m Ϫ2 d Ϫ1 between January and May. found at 360 m, coincident with the peak in chemoautotrophic production. In the oxic and suboxic zone, where no H 2 S was present, S 2 O concentrations were as high as 4.9 mol the concentrations and the relatively high blanks (indicated by the vertical line in Fig. 4B ). However, the average values for each depth seem to follow the same trends observed in the S 2 O profile. ( Fig. 5A ). The reproducibility of SO measurements was were similar. A broad maximum was apparent above the interface at 200 m, a secondary peak occurred at the interface, and concentrations remained relatively constant from the interface to 400 m. Sulfur isotope data has confirmed the environmental importance of disproportionation in the sulfur cycle of euxinic waters. Because of mass-related differences in the properties of the isotopes, which result in different reaction rates, disproportionation preferentially oxidizes 34 S and reduces 32 S. In culture studies, isotope fractionations during disproportionation are 7-20‰ (Canfield et al. 1998 ). Sørensen and Canfield (2004) showed that isotopic depletion of water column H 2 S in the Mariager Fjord could be explained by S 2 O or S 0 formation followed by disproportionation to H 2 S 2Ϫ 3
and SO . Most probable number counts confirmed that cells 2Ϫ 4 capable of growing by disproportionation of these compounds were present at all depths in the fjord. In addition to disproportionation reactions, sulfur compounds of intermediate oxidation states might also be important in reactions involving particulate metal oxides as the electron acceptors. Culture studies have shown that organisms are capable of anaerobic growth through the reduction of Mn and Fe oxides (DiChristina et al. 1988; Lovley and Phillips 1988; Myers and Nealson 1988) . Madrid (2000) demonstrated that cultures from the chemocline of the Cariaco Basin could reduce MnO 2 autotrophically at the expense of S 2 O . Thus, in addition to S 2 O and SO , it might be 2Ϫ 2Ϫ 2Ϫ 3 3 3 important to consider the distributions of iron and manganese oxides when comparing chemoautotrophic production to the supply of electron acceptors and donors to the interface. Caribbean Sea with H 2 S from waters at intermediate depths in the basin Taylor et al. 2001; Astor et al. 2003) . Zhang and Millero (1993a) examined sulfur chemistry in the Cariaco Basin, showing that the main products of abiotic H 2 S oxidation are S 2 O and SO .
S 2 O and SO in the Cariaco
Lateral intrusions of O 2 -rich water are known to occur in the Cariaco, as demonstrated by the presence in some months of subsurface maxima in O 2 profiles (Astor et al. 2003) . Ventilation events observed in 1997 and 1998 were associated with eddies near the shelf in the southeastern Caribbean Sea, and Astor et al. (2003) hypothesized that this would result in colder and denser Caribbean Sea water being drawn up over the sill, subsequently sinking within the Cariaco Basin and spreading along isopycnals. Other intrusions, not associated with eddies, have also been observed (Astor unpubl. data) . The reaction of O 2 and H 2 S and subsequent formation of S 2 O and SO has been found in the chemocline of other of chemoautotrophic production were found. Zhang and Millero (1993a) found that both species increased from Ͻ0.5 mol L Ϫ1 at the interface to 1 mol L Ϫ1 S 2 O and 1.5 mol those found by Zhang and Millero (1993a) but lower than the maximum values reported by Tuttle and Jannasch (1979) . imenting Fe or Mn oxides (Millero 1991; Yao and Millero 1993; Zhang and Millero 1993b; Eqs. 11-14) .
2 3 2
The importance of H 2 S oxidation by MnO 2 has been suggested for anoxic portions of the Chesapeake Bay and Black Sea (Luther et al. 1988; Konovalov et al. 2003) . In addition to reacting directly with H 2 S, Fe and Mn oxides might also provide solid surfaces than can act as catalysts for the oxidation of H 2 S. The concentrations of metal oxides present, as well as the presence of O 2 , could affect the distribution of sulfur compounds (Zhang and Millero 1993b (Scranton et al. 1987) , so if chemoautotrophy were uniform throughout the basin, which we suspect is untrue, then 1 ϫ 10 11 mmol d Ϫ1 of carbon would be fixed basinwide, requiring 1.7 ϫ 10 13 L d Ϫ1 of water to enter the basin. If water from the Caribbean Sea is entering the basin through the bottom 50 m of the 1.9 ϫ 10 4 -m-wide eastern channel at Canal de la Tortuga, then 1.7 ϫ 10 13 L d Ϫ1 must enter through 9.5 ϫ 10 5 m 2 , giving a velocity of 19 cm s Ϫ1 . This value is in general agreement with past observations of current velocities in the Cariaco Basin, which usually range from 0 to 20 cm s Ϫ1 , as measured at a mooring at the Cariaco site (Weisberg pers. comm.). Unfortunately, the detailed geometry of the sill area and the thickness and velocity of the layer of intruding water are not known in adequate detail. Nonetheless, this estimate supports the idea that enough O 2 could enter the basin to produce enough S 2 O to support 2Ϫ 3 the chemoautotrophic growth of bacteria.
In addition to O 2 , H 2 S also needs to be supplied to the chemocline to produce S 2 O . The supply of H 2 S to the in- duction near the interface. Thus, the particulate sinking flux at the CARIACO site is too low to support the required H 2 S flux. One possible explanation is that the carbon (or H 2 S or both) is supplied laterally to the CARIACO site from another location in shallower waters where surface productivity and carbon flux are much higher than predicted from the sediment trap data at the CARIACO site. SeaWiFS satellite production and transport models clearly illustrate that carbon flux to the sediments is higher in other areas of the Cariaco Basin than at the CARIACO site (Muller-Karger et al. 2004) and that H 2 S fluxes out of the sediments are likely to be higher as well. During both January and May, the highest concentrations of S 2 O and SO occurred near 200 m, 2Ϫ 2Ϫ 3 3 where no H 2 S was present. Horizontal transport of water in the basin could be bringing H 2 S, S 2 O , and SO from 2Ϫ 2Ϫ 3 3
shallower areas to the CARIACO site. It has been shown previously that vertical diffusive supplies of H 2 S, O 2 , and NO to the chemocline in the Cariaco Basin is insufficient to support the observed chemoautotrophic production (Taylor et al. 2001) . Horizontal intrusions of southern Caribbean Sea water could be a mechanism to supply O 2 into the basin. investigating horizontal variability within the basin are needed.
